Antigen cross-presentation in dendritic cells is a complex intracellular membrane transport process, but the underlying molecular mechanisms remain to be thoroughly investigated. In this study, we examined the effect of siRNA-mediated knockdown of 57 Rab GTPases, the key regulators of membrane trafficking, on antigen cross-presentation. Twelve Rab GTPases were identified to be associated with antigen cross-presentation, and Rab3b/3c was indicated to be colocalized with MHC class I molecules at perinuclear tubular structure. Tracing with fluorescence protein-tagged ␤2-microglobulin demonstrated that the MHC class I molecules were internalized from the plasma membrane to Rab3b/3c-positive compartments, which were also colocalized with the internalized transferrin. Moreover, depletion of Rab3b/3c strongly reduced the fast phase recycling rate of transferrin receptors. Furthermore, the Rab3b/3c-positive compartments were colocalized with a fraction of Rab27a at a juxtaposition of phagosomes. Together, these data demonstrate that Rab3b/3c-positive recycling vesicles are involved in and may constitute one of the recycling compartments in exogenous antigen cross-presentation.
I
n classic MHC class I-restricted antigen presentation, foreign antigens are synthesized and processed within the cytosol for priming CD8 ϩ T cells. However, in some situations, such as the viral infection of epithelial cells and tumors, dendritic cells cannot synthesize foreign antigens in the cytosol. It has been suggested that dendritic cells present engulfed exogenous antigens in the context of MHC class I molecules for priming naive CD8 ϩ T cells. Early evidence of this process, now termed antigen cross-presentation, came from studies by Bevan (1, 2) on CD8 ϩ T-cell responses to an exogenous cellular antigen (minor histocompatibility antigens from transplanted cells). Over the past 30 years, antigen crosspresentation has been confirmed in vitro (3, 4) and has been supported by a series of experiments in vivo demonstrating that cross-presentation may play an important role in immunological tolerance and T-cell responses (5-7).
However, an obvious gap in the understanding of the intracellular mechanisms of antigen cross-presentation exists. Whereas engulfed exogenous antigens enter the endocytic system, the peptide-MHC class I molecule loading ''machinery'' involving transporter-associated with antigen presentation (TAP), tapasin, endoplasmic reticulum (ER) p57, calnexin, and calreticulin is located in the ER. Previous studies have shown that cross-presentation of numerous exogenous antigens is proteasome inhibitor sensitive and TAP dependent (8) (9) (10) (11) . One interpretation of these results is that these exogenous antigens are somehow translocated to the cytosol from the endosome, degraded by proteasomes, and loaded onto MHC class I molecules in the ER for presentation. Recent studies on the protein composition of the phagosome suggest that a part of the ER membrane fuses with a phagosome to form a unique compartment. The ER and phagosome contents in the compartment assemble local peptide-MHC class I molecule loading machinery for exogenous antigen cross-presentation (12, 13) . However, a quantitative and dynamic study done by Touret et al. (14) failed to detect a significant contribution of the ER in forming or modifying phagosomes using a combination of biochemical, fluorescence imaging, and electron microscopy techniques.
Because cross-presentation is a continuous membrane transport process that begins from the endocytosis of an exogenous antigen and ends with the expression of MHC class I molecule-peptide complexes on the cell surface, a comprehensive analysis of membrane transport-related proteins involved in the process will facilitate a better understanding of antigen cross-presentation. Rab GTPases represent a large family of proteins that are recognized as key regulators of membrane trafficking. It has been found that specific and diverse Rab GTPases anchor to different vesicle membranes and recruit different effectors through their GDP/GTP binding, allowing them to switch and mediate intracellular membrane trafficking and organelle-targeted membrane fusion (15) . In this study, we used ovalbumin (OVA)-expressing bacteria as particle antigens to test the effect of siRNA-mediated knockdown of 57 Rab GTPases, and thus identified 12 Rab proteins that are involved in antigen cross-presentation in dendritic cells. Among these Rab GTPases, we found that MHC class I molecules were enriched at Rab3b/3c-positive perinuclear tubular structures. Using ZsGreen-tagged ␤ 2 -microglobulin protein, we further identified the MHC class I molecules to be internalized from the plasma membrane to the Rab3b/3c-positive compartments. The recycling ligand transferrin was also internalized and enriched in the Rab3b/3c-positive vesicles. Moreover, the loss of Rab3b/3c by siRNA silencing reduced the fast phase recycling rates of transferrin receptors. Furthermore, the Rab3b/3c-positive compartments were colocalized with a fraction of Rab27a at a juxtaposition of phagosomes. These data identified a subset of recycling endosomes that are marked by Rab3b and Rab3c and are involved in and may constitute the recycling compartment of exogenous antigen cross-presentation.
Results

Identification of 12 Rab GTPases as Previously Undescribed Regulators
of Cross-Presentation. After establishing a stable antigen crosspresentation assay for siRNA screening [supporting information (SI) Fig. S1 ], we constructed 171 lentivirus-based siRNA clones to 57 members of the mouse Rab family with the feline immunodeficiency virus (FIV) vector pFIV-Hl/U6 (the siRNA sequences are listed in Table S1 ). Because cross-presentation is sensitive to the number of antigen-presenting cells (APCs) (Fig. 1 B and C) , we developed a simple and large-scale cell counting method as a part of our loss-of-function RNA interference screening. The results of testing the effect of siRNA-mediated knockout of 57 Rab GTPases are shown in the screening flow chart in Fig. 1 A. In brief, DC2.4 cells were seeded in 24-well plates and transduced with 200 L of FIV (approximately 90 siRNA-expressing FIVs each time). After selection with puromycin in 6-well plates, wells with cell numbers greater than 3.0 ϫ 10 4 were harvested at day 5 and designated as successfully transduced; otherwise, siRNA-expressing FIVs were repackaged until they met the designated requirements. Each stable siRNA-expressing DC2.4 population was seeded in 96-well plates twice for antigen presentation assays (Fig. 1 A) .
A scoring system for antigen presentation capacity was established by calculating the ratio of the IL-2 value of the Rab siRNA group to the controls. A threshold ratio was determined using 50 negative control datasets from all the screening processes. Our data showed that control FIV-transduced cells had a ratio of 0.8-1.2 ( Fig. 1D, filled circles) , whereas cells transduced with siRNA against various Rab genes had a ratio ranging from 0.40-1.21 (Fig.  1D, open squares) . By this criterion, we identified 12 Rab GTPases as previously undescribed regulators of antigen cross-presentation in dendritic cells. Furthermore, after incubation with different doses of Escherichia coli BL21/thioredoxin (pThio) OVA, DC2.4 cells with stable expression of Rab3b, Rab5b, Rab8b, Rab27a, Rab33a, or Rab35 siRNA showed decreased antigen crosspresentation abilities regardless of the antigen dose. However, DC2.4 cells expressing siRNA against Rab3c, Rab4a, Rab6, Rab10, Rab32, or Rab34 appeared to have restored antigen crosspresentation ability when high doses of bacterial antigens were used (Fig. 1E) .
To avoid off-target effects during siRNA screening (16, 17) , 3 Stealth siRNAs (Invitrogen) were designed against each of the 12 Rab GTPases. Stealth siRNAs can eliminate sense strand off-target effects because Stealth RNAi modifications allow only the antisense strand to enter the RNAi pathway efficiently (18) . Quantitative PCR analysis showed that 21 of the 36 siRNAs against these 12 Rab GTPases had reduced target gene expression by greater than 40% (Fig. S2 A) . At least 1 of 3 Stealth siRNAs against each of the 12 Rab GTPases inhibited antigen cross-presentation of transiently transfected DC2.4 cells (Fig. S2B) . Thus, these data suggest that these 12 Rab GTPases are involved in antigen cross-presentation. It has been previously shown that the fluorescence protein at the C-terminus of MHC class I molecules does not affect TAP association, assembly, or intracellular distribution of MHC class I molecules (19, 20) . Interestingly, we found that a fraction of MHC class I molecules were significantly colocalized with Rab3b and Rab3c at perinuclear tubular vesicles ( 2B). Furthermore, Western blotting of proteins after subcellular fractionation by sucrose density gradient centrifugation provided evidence that a fraction of MHC class I molecules were sedimented in Rab3c-positive fractions (Fig. 2C) . Because Rab3b and Rab3c are located on the same vesicles (21) (Fig. S3 ) and have been well defined as exocytosis-associated Rabs, our data show that a fraction of intracellular MHC class I molecules were enriched at Rab3b/ 3c-positive perinuclear tubular vesicles, which are most likely one type of compartment related to exocytosis.
Internalized MHC Class I Molecules Were Transported to Rab3b/3c-Positive Vesicles. Because the efflux of biosynthesized MHC class I molecules is mainly from the ER to the Golgi, we assessed the effects of brefeldin A (BFA) on the storage of H2-K b YFP in Rab3b/3c-positive vesicles. The H2-K b YFP on cell surface membranes disappeared after incubation with BFA for 4 h. However, the concentration of H2-K b YFP in the Rab3b/3c-positive vesicles did not show any apparent change on BFA treatment (Fig. 3 A and B) . ER staining with calnexin also showed that Rab3b/3c vesicles had little overlap with ER (Fig. S4) . These results indicate that MHC class I molecules in Rab3b/3c-positive vesicles are not directly derived from the biosynthetic protein secretory pathway.
Because ␤ 2 -microglobulin can be used specifically to track the internalized MHC class I molecules (22), we prepared ZsGreentagged ␤ 2 -microglobulin in an eukaryotic expression system. Using a TAP-deficient cell line, we confirmed that the ZsGreen-tagged ␤ 2 -microglobulin was specifically bound to the cell surface MHC class I molecules (Fig. S5) . Incubation of ZsGreen-tagged ␤ 2 -microglobulin proteins with DC2.4 cells showed the colocalization of internalized ␤ 2 -microglobulin and Rab3b/3c-positive vesicles (Fig. 3D) . Quantification of relative fluorescence intensity of subcellular fractions using sucrose density gradient centrifugation also indicated that ZsGreen-tagged ␤ 2 -microglobulin proteins were enriched at the TagRFP-Rab3b/3c fractions (Fig. 3C) . Time-lapse observation with spinning disk confocal microscopy revealed that ZsGreen-tagged ␤ 2 -microglobulin-positive vesicles were tethered and fused to Rab3b/3c-positive vesicles (Movies S1 and S2). These data suggest that cell surface MHC class I molecules can be internalized and transported to the Rab3b/3c-positive vesicles.
Rab3b/3c-Positive Vesicles Represent Perinuclear Recycling Endosomes Adjacent to Phagosomes. To characterize the Rab3b/3c-positive vesicles further, we examined the distribution and recycling of FITC-transferrin after incubation with DC2.4 cells. After incubating dendritic cells with FITC-transferrin, we observed that some internalized transferrin was enriched at perinuclear tubular structures of Rab3b-or Rab3c-positive vesicles (Fig. 4A and Fig. S6A ). The colocalization between Rab3b/3c and transferrin in dendritic cells prompted us to examine whether Rab3b/3c controls the recycling pathway of transferrin. At least 2 distinct pathways have been described in transferrin receptor recycling. One pathway directly from sorting endosomes has a rapid time course, whereas the slow pathway involves the endocytic recycling compartment, which is a collection of perinuclear tubular organelles (23) . We loaded dendritic cells with fluorescently labeled transferrin for 30 min and measured the kinetics of chase after transfer into media containing unlabeled transferrin. Quantification of intracellular FITC-labeled transferrin by FACS cytometry revealed that the rapid recycling rates, as measured after a 5-to 20-min chase, appeared strongly reduced in stable Rab3b/3c-silenced dendritic cells (Fig. 4 B and C) , suggesting that Rab3b/3c is involved in the rapid recycling pathway. Furthermore, with a series of EYFP-Rabs, we observed the colocalization between Rab3b/3c and other identified cross-presentation-associated Rabs. To our surprise, most of the identified Rabs, such as Rab5b, Rab8b, Rab10, Rab33a, Rab34, and Rab35, were localized in Rab3b/3c vesicles (Fig. S7) . Interestingly, a fraction of Rab8b, Rab10, Rab34, and Rab35 was also associated with the plasma membrane (Fig. S7 ). Among these Rabs, Rab8b, Rab10, and Rab35 were reported to control a recycling transport step from endosomal compartments to the plasma membrane (24) (25) (26) . Our findings demonstrate the cooperation of these Rabs in controlling a specific recycling pathway from endosomes to the plasma membrane in dendritic cell cross-presentation.
To establish the role of the Rab3b/3c vesicles in crosspresentation further, we observed the relation between these vesicles and phagosomes using enhanced cyan fluorescent protein (ECFP)-expressing E. coli as a particle exogenous antigen. After incubating DC2.4 cells with E. coli for 4 h, 3D reconstruction images were produced. It can be clearly visualized that a part of the intracellular Rab3b-and H2-K b YFP-positive compartment was localized in the juxtaposition of internalized E. coli (Fig. 5A) . Similar images were also obtained in Rab3c and H2-K b YFP stably transfected dendritic cells (Fig. S6B) . Because it has been recently reported that Rab27a-deficient dendritic cells demonstrated a defect in cross-presentation because Rab27a was recruited to phagosomes to limit the degradation of ingested particles (27) , we examined the colocalization between Rab27a and Rab3b/3c. To our surprise, a fraction of Rab27a was colocalized with Rab3b and Rab3c at a compartment closely adjacent to phagosomes (Fig. 5B  and Fig. S6C ). Our data characterize the Rab3b/3c-positive vesicles as perinuclear recycling endosomes that are adjacent to phagosomes during phagocytosis.
Discussion
Much effort has been put into identifying antigen crosspresentation-related genes, such as TAP, Nox2, and Rac1 (13, 27, 28) , which provide important clues for understanding the cellular mechanism of this important antigen presentation pathway. However, there is little information at present about the membrane transport participators in cross-presentation. Recently, RNAibased gene silencing has emerged as a powerful approach for reverse functional genomics. Many groups have used siRNA screening to identify genes involved in comprehensive physiological phenomena (29) . In this study, we achieved stable gene silencing in dendritic cell line DC2.4 using a lentivirus approach. Twelve Rab genes were identified as associated with cross-presentation of dendritic cells, including Rab3b, Rab3c, Rab4a, Rab5b, Rab6, Rab8b, Rab10, Rab27a, Rab32, Rab33a, Rab34, and Rab35. According to current data on Rabs, these cross-presentationrelated Rab GTPases may be arbitrarily classified into an endocytosis group and an exocytosis group. Some Rabs (Rab4a, Rab5b, Rab8b, Rab10, Rab27a, Rab32, Rab34, and Rab35) have been reported as components of phagosomes after quantitative proteomic assays or microscope observation with fluorescent proteintagged Rabs (30, 31) . Our data also showed the recruitment of these Rabs to phagosomes during phagocytosis (Fig. S8A) . On the other hand, the role of Rabs (Rab3b, Rab3c, Rab4a, Rab6, Rab27a, Rab32, Rab34, and Rab35) has been investigated in different exocytotic pathways. Rabs (Rab3b and Rab3c) also regulate secretory vesicle traffic in neurons and endocrine cells (32) . Rabs (Rab4a and Rab35) are required for recycling from the early endosomes to the plasma membrane (15, 26) . Rabs (Rab27a and Rab32) are involved in exocytosis of lysosome-related organelles, such as melanosomes (33, 34) . Rabs (Rab6 and Rab34) have been morphologically associated with the Golgi complex and are thought to be regulators in the exocytosis of the Golgi to the plasma membrane (35, 36) . Our findings therefore suggest that a complex membrane transport mechanisms govern the antigen cross presentation process.
Although engulfed exogenous antigens enter the endocytic system for cross-presentation, the origin and function of the endosomal MHC class I molecules are unclear. A role of these endosomal MHC class I molecules in cross-presentation has been suggested by several researchers. MHC class I molecules have been found in great number in MHC class II-containing endosomes of dendritic cells (37) . The TAP inhibitor that was selectively delivered into early endosomes has been shown to impair the cross-presentation of soluble antigens (38) . The tyrosine-based targeting signals at the MHC class I cytoplasmic domain direct MHC class I molecules to LAMP-1-positive compartments and regulate cross-presentation in antiviral immunity (39) . In the study, we have revealed that a fraction of internalized MHC class I molecules from plasma membrane accumulate in the Rab3b/3c-positive compartments at the juxtaposition of internalized bacteria. Characterization of the vesicles demonstrates that the rapid recycling of transferrin receptors is under the control of Rab3b/3c in dendritic cells. Moreover, the impairment of cross-presentation after knockout of Rab3b/3c suggests that Rab3b/3c plays an important role in the recycling of internalized MHC class I molecules during cross-presentation. Because Rab3a-Rab3d are well-defined regulators of secretory vesicle traffic (32), Rab3b/3c-positive recycling endosomes may contribute to the exocytotic step of antigen cross-presentation.
The endocytic system consisted of a dynamic network of organelles characterized by different biochemical composition and functional diversity. A series of Rabs has been reported to serve as regulators in transport of the endosomal system. Recently, it has been reported that Rab27a is involved in transport of NADPH oxidase Nox2 to phagosomes (27) , which causes alkalinization of phagosomes to promote cross-presentation of particle antigens in dendritic cells (40, 41) . Rab27a has been discovered to cause pigmentary dilution and immunodeficiency in humans with Griscelli syndrome. Moreover, Rab27a is involved in the exocytic transport of lysosome-related organelles, such as melanosomes in melanocytes and lytic granules in cytotoxic T lymphocytes (42) . In this study, the recruitment of Rab27a to phagosomes is similar to previous observations (40) . The most interesting outcome is that a fraction of Rab27a that is not recruited to phagosomes is concentrated and colocalized with Rab3b/3c (Fig. 5) . A similar observation has recently been made that Rab3a and Rab27a are present on secretory vesicles and cooperatively regulate the docking step of vesicle exocytosis in neuroendocrine PC12 cells (43) . The adjacent nature of phagosomes to Rab3b/3c-and Rab27a-positive compartments suggests a transport link between the phagosomes and Rab3b/3c-positive recycling endosomes.
In summary, our data show that internalized MHC class I molecules accumulate in the Rab3b/3c-positive recycling endosomes, which colocalize with Rab27a at the juxtaposition of phagosomes and are involved in cross-presentation. The results provide a proposed model for the membrane transport process of crosspresentation as indicated in Fig. S8B , in which the Rab3b/3c-positive recycling endosomes contribute to the exocytic step of exogenous antigen cross-presentation. Further investigations on the transport mechanisms between phagosomes and these recycling endosomes in cross-presentation may provide opportunities to develop unique immunotherapeutic strategies. For large-scale counting of APC numbers in the siRNA library screen process, 
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